Background Current physical activity guidelines imply that, by comparison with moderate physical activity (MPA), the benefits of engaging in vigorous physical activity (VPA) are attributed to the greater energy expenditure dose per unit of time and do not relate to intensity per se. The purpose of this study was to determine whether VPA influences the metabolic syndrome (MetS) independent of its influence on the energy expenditure dose of moderate-to-vigorous physical activity (MVPA).
Introduction
The health benefits of moderate-to-vigorous physical activity (MVPA) are well recognized by exercise scientists 1 and health-care practitioners. 2 The USA, 3 UK 4 and the World Health Organization 5 have recently published physical activity guidelines that provide the public with targets for the amount and intensity of physical activity needed for good health. The key recommendation within these guidelines is that adults 'should do at least 150 min a week of moderate-intensity, or 75 min a week of vigorousintensity aerobic physical activity, or an equivalent combination of moderate-and vigorous-intensity aerobic activity'.
The guidelines recognize that, in comparison with vigorous physical activity (VPA), about half as many calories are expended with an equivalent duration of moderate physical activity (MPA). 1, [3] [4] [5] Because the guidelines indicate that 75 min of VPA are equivalent to 150 min of MPA, they imply that there are little or no added health benefits of VPA other than the shorter time frame needed to expend the appropriate amount of energy. In other words, the benefits of engaging in VPA are attributed to the greater expenditure energy dose per unit of time, and do not relate to the intensity per se. This needs to be considered in light of the scientific committee report from which the guidelines were developed. The report recognized that unanswered issues exist in response to the question of how much of what type of activity is appropriate for health promotion. 1 The report's research recommendations indicate that future investigations need to evaluate the effects of physical activity intensity at fixed energy expenditure doses. 1 Therefore, the purpose of this study was to determine whether VPA is associated with health, in this case cardiometabolic health, independent of its influence on the energy expenditure dose.
Methods Participants
The study is based on the 2003-04 and 2005-06 cycles of the U.S. National Health and Nutrition Examination Survey (NHANES), a nationally representative cross-sectional survey. 6 NHANES consisted of a home interview and a physical examination conducted in a mobile examination centre. Consent was obtained from all participants. NHANES was approved by the National Center for Health Statistics.
To be considered for the present study, participants had to be 20-64 years old, not pregnant and to have completed the home and morning mobile exam-centre visits. Out of 3071 eligible participants, 564 were excluded due to incomplete physical activity accelerometry data, 656 were excluded because they had not fasted or were missing metabolic syndrome (MetS) data and 10 were excluded due to missing covariate data. This left a final sample of 1841.
Physical activity MPA and VPA were measured with Actigraph AM-7164 accelerometers (Actigraph, Ft. Pensacola, FL), a uniaxial accelerometer that records average intensities in 1-min intervals or epochs. Participants were asked to wear the accelerometer on their right hip for 7 consecutive days following their mobile exam-centre visit, except when sleeping or when the accelerometer could get wet. Accelerometers were mailed back to the survey collaborators. Accelerometer data were downloaded by survey collaborators and outliers and unreasonable values were removed.
Additional data reduction was completed by the authors based on existing precedence. [7] [8] [9] Initially, we removed incomplete days, defined as <10 h of wear time. Non-wear time was determined as periods of 460 min with zero counts. [7] [8] [9] The second data reduction step involved removing participants with an insufficient number of complete days (<4 complete days). [7] [8] [9] Next, we estimated the average daily MPA and VPA energy expenditure. A regression equation was used to estimate metabolic equivalents (METs) from the count-per-minute value for each epoch. 10 Based on the intensity thresholds corresponding to the American 1 Participants were divided into four groups for MVPA and MPA (which accounted for 92% of MVPA): inactive (0-249 MET min/week), somewhat active (250-499 MET min/week), active (500-999 MET min/week) and very active (51000 MET min/week). These cut-points are based on their equivalence to the physical activity guideline-250 MET min/week represents an energy expenditure dose equivalent to half of the guideline, 500 MET min/week is equivalent to the minimal guideline (i.e. 150 min of MPA or 75 min of VPA or an equivalent combination) and 1000 MET min/week is equivalent to double the minimal guideline. 5 To derive comparably sized VPA groups to those derived for MVPA, the percentiles within the sample that were equivalent to the MET min/week cut-points for MVPA were calculated. Since more than half of the participants accumulated zero MET min/week of VPA, only three VPA groups were created: none (<7.1 MET min/week, equivalent to <73rd percentile and the inactive and somewhat active MVPA groups), moderate (7.1-41.2 MET min/week, equivalent to the 73rd to 88th percentiles and the active MVPA group) and high (541.2 MET min/week, equivalent to 589th percentile and the very active MVPA group).
Metabolic syndrome
The primary outcome was the MetS, a clustering of cardiometabolic risk factors that increases cardiovascular disease, diabetes and all-cause mortality risks.
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The MetS was classified based on the 2009 Joint Interim Societies definition 12 and was present if three or more of the following were present: high RELEVANCE OF VIGOROUS PHYSICAL ACTIVITY waist circumference (men 594 cm, women 580 cm), high triglycerides (51.7 mmol/l), low HDL cholesterol (men <1.0 mmol/l, women <1.3 mmol/l), elevated blood pressure (systolic 5130 mmHg or diastolic 585 mmHg or hypertension medication use) and elevated glucose (55.6 mmol/l or diagnosed diabetes).
Waist circumference was measured to the nearest 0.1 cm at the iliac crest. Four blood pressure measurements were obtained in a seated position using a manual sphygmomanometer. The average of the last three readings was used. Blood samples were obtained after an overnight fast for the measurement of lipids and glucose as described in detail elsewhere. 13 Briefly, cholesterol and triglycerides were measured enzymatically in a series of coupled reactions hydrolysing cholesterol ester and triglyceride to cholesterol and glycerol, respectively.
14 HDL cholesterol was measured using the direct HDL immunoassay method. 15 Fasting plasma glucose was determined using a hexokinase enzymatic method. 16 
Covariates
Covariates included sex, ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic and other), smoking (current smoker, previous smoker, non-smoker), alcohol (<15 drinks/week, 15-30 drinks/week, or 430 drinks/ week), key dietary variables and the poverty-to-income ratio. Dietary variables were assessed via a single 24-h recall and consisted of total fat (435% or 435% total calories), saturated fat (410% or 410% total calories) and sodium (42300 or 42300 mg/day). 17 The povertyto-income ratio was based on family income, size and composition. 18 
Statistical analysis
Analyses were completing using SAS version 9.2 (SAS Institute Inc., Cary, NC) and accounted for the survey design and morning/fasted subsample weights. Spearman correlations were used to examine relations between continuous physical activity variables. Differences between physical activity groups were determined using general linear models. Relations between physical activity and the MetS were determined using logistic regression and controlled for the covariates. Bivariate logistic models estimated the effects of MVPA, MPA and VPA on their own. Multivariate logistic models, which included both MVPA and VPA (or MPA and VPA), estimated the independent effects of the intensity and energy expenditure dose. Logistic regression findings are presented as odds ratios (ORs) and their associated 95% confidence intervals (CIs).
Results

Descriptive characteristics
The average age of the 1841 participants was 42 years. Slightly more than half were men and 34.6% had the MetS. The average MVPA, MPA and VPA values were 470, 432 and 38 MET min/week, respectively. Just under one-third of the participants achieved the physical activity guideline of 500 MET min/week based on MVPA (30.3%) or MPA alone (28.8%), whereas only 1.7% did so based on VPA alone. Additional information on the study variables is shown in Table 1 .
Relationships between physical activity variables The MVPA, MPA and VPA variables were related to each other. Spearman correlations (r values) between the MET min/week values were 0.96 for MVPA vs MPA, 0.61 for MVPA vs VPA and 0.37 for MPA vs VPA (P < 0.001). The average MVPA, MPA and VPA values of the different physical activity groups are shown in Table 2 . The very active MPA group had higher VPA levels than the remaining MPA groups (P < 0.001). The high VPA group had higher MPA levels than the none and low VPA groups (P < 0.001).
Relations between physical activity and the MetS The odds of the MetS decreased in a gradient manner when moving from the inactive (OR 1.00), to the somewhat active (OR 0.78, 95% CI 0.60-1.02), to the active (OR 0.48, 95% CI 0.36-0.66), to the very active MVPA group (OR 0.25, 95% CI 0.17-0.39). Similar inverse associations with the MetS were observed with MPA alone and VPA alone (Model 1 in Table 3 ).
The energy expenditure dose and intensity of MVPA were independently associated with the MetS (Model 2 in Table 3 ). After controlling for VPA, the total dose of MVPA was associated with the MetS. In comparison with the inactive MVPA group, the active and very active MVPA groups were only 0.57 (95% CI 0.42-0.79) and 0.41 (95% CI 0.26-0.63) times as likely, respectively, to have the MetS. VPA remained a predictor of the MetS after controlling for the total energy expenditure dose of MVPA, such that the odds of the MetS was 0.28 (95% CI 0.17-0.46) in the high VPA group by comparison with the group who accumulated no VPA.
The analyses for the MetS were repeated for individual MetS components ( Table 4 ). The patterns for the individual components were similar to those observed for the MetS. An exception was for high glucose; VPA was not associated with high glucose after controlling for the dose of MVPA.
The influence of an equivalent energy expenditure dose of MPA and VPA on the MetS is illustrated in Figure 1 . An equivalent energy expenditure dose of VPA had a greater influence on the prevalence of the MetS. Addition analyses explored whether VPA's influence on the MetS was mediated by abdominal obesity. First, waist circumference values were compared across VPA groups. After controlling for covariates and MVPA, adjusted waist circumference values were 98.9 cm in the none VPA group, 96.8 cm in the low VPA group (P ¼ 0.12 vs none), and 94.4 cm in the high VPA group (P ¼ 0.001 vs none). Second, we considered whether the relations that were observed between VPA and the MetS components (Model 1 of Table 4 ) were attenuated after further controlling for waist circumference (Model 2 of Table 4 ). Whereas the OR were attenuated somewhat, high VPA remained a predictor of high blood pressure and low HDL cholesterol.
Discussion
The intensity of MVPA was independently associated with the MetS and most of its components. In other words, VPA was a meaningful predictor of the MetS after controlling for the energy expenditure of MVPA, and was more strongly associated with the MetS than MPA. These findings suggest that VPA per se may have a role in health promotion. Data presented as mean AE standard deviation (SD) for continuous variables and prevalence (%) for dichotomous variables. 
RELEVANCE OF VIGOROUS PHYSICAL ACTIVITY
As noted in the scientific committee report that formed the basis for the new physical activity guidelines, 1 few studies have examined the effects of different physical activity intensities that are independent of their contribution to the energy expenditure dose. In a study of 13 485 men, Lee and colleagues reported that the trend between physical activity energy expenditure and all-cause mortality was more marked for VPA than for MPA. 19 In a study of 3043 men, Slattery and colleagues reported that those who performed any VPA had a reduced risk of cardiovascular and all-cause mortality for any level of light-to-moderate intensity physical activity. 20 Finally, in a study of 70 102 women, Hu and colleagues reported that equivalent energy expenditures from walking and vigorous activities resulted in comparable magnitudes of risk reduction for diabetes. 21 Strengths of these three studies include the large samples and prospective designs. An important limitation of these studies is that questionnaires were used to estimate physical activity dose and intensity. The correlations between questionnaire and direct measures of physical activity, such as those obtained by accelerometry, are low-to-moderate. 22 It is intriguing that the two previous studies on all-cause and cardiovascular mortality reported independent effects of VPA, 19, 20 whereas the previous study on diabetes did not. 21 This suggests that the effects of VPA may vary depending on the outcome examined.
Indeed, we observed that VPA was independently related to all components of the MetS with the exception of a high glucose.
Our findings suggest that VPA per se should be considered as a component of public health guidelines and considered when developing physical activity programmes. This observation is important as most research interventions prescribe activities that are in the moderate intensity range.
1 Furthermore, current physical activity guidelines primarily promote VPA as a time-efficient approach for expending an appropriate amount of energy in comparison with MPA, rather than as an approach for achieving greater health benefits. [3] [4] [5] The physical activity guidelines do recognize, to a small degree, the benefits of physical activity overload and progression, and our preliminary findings suggest that this aspect of the guidelines may require additional emphasis. 3 In addition to the apparent independent health impact of VPA, the ability to expend energy twice as quickly with VPA than with MPA may encourage some inactive people to engage in physical activity as a lack of time is a common physical activity barrier. 23 However, we recognize that promoting VPA to the general public is challenging given the apparent distaste most people have for VPA. For instance, in the present study 7 in 10 participants accumulated no VPA whatsoever. Even among those who achieved the MVPA guideline, less than one in five accumulated 10% of their MVPA energy expenditure through VPA. We are uncertain as to what the biological mechanisms are that explain the observation that VPA had a greater influence on the MetS than an equivalent energy expenditure of MPA. One possibility is the effect of intensity on abdominal obesity. Experimental evidence suggests that, for a given caloric expenditure, high intensity interval training induces greater reductions in abdominal obesity than lower intensity steady-state exercise. 24 Accordingly, we observed that, after statistical control for the MVPA energy expenditure dose, waist circumference differed across the VPA groups. We also observed that the odds of the blood pressure and lipid MetS components were lower in the high VPA group following adjustment for waist circumference, implying that non-obesity mechanisms are also relevant. Consistent with this notion, a VPA intervention (85-90% of VO 2max ) induced greater improvements in endothelial function and ambulatory 24-h blood pressure than an MPA intervention (60% VO 2max ), independent of weight loss. 25 A strength of this study was the use of accelerometers, which measured the energy expenditure dose and intensity of physical activity in an objective way. 26 However, the accelerometers did not capture water-based activities (i.e. swimming),were uniaxial and therefore only captured movement in one direction and were limited in their ability to capture some land-based activities (e.g. cycling). 27 Assuming that the accelerometer measurement error was non-differential, the observed associations were underestimated. A main limitation of our study was its cross-sectional design, which precludes us from making definitive causal statements. Our degree of confidence that the physical activity variables were causally related to the MetS is increased because the associations we observed were strong, followed doseresponse patterns and were biologically plausible, and because previous prospective cohort and randomized trials have reported similar relationships. 28 Another limitation is that residual confounding may have been an issue due to measurement issues (e.g. non-differential misclassification) with the covariates, particularly the dietary covariates. Furthermore, 40% of the eligible NHANES sample was excluded because of incomplete or missing data. Although this influenced the descriptive information (i.e. means, prevalences), it is unlikely that this significantly influenced the associations between the physical activity and MetS variables as these relations are consistent in different socio-demographic groups. 1 Finally, our calculation of MPA and VPA did not include any restriction on bout length, even though current guidelines are that physical activity be accumulated in bouts of at least 10 min. This limits the comparison of our study with previous epidemiological studies that used self-reported measures of physical activity that occurred in bouts.
In conclusion, the cross-sectional findings from this study suggest that MPA and VPA are independently associated with the MetS. Therefore, as indicated in current physical activity guidelines, accumulating 150 min/week of MPA or 75 min/week of VPA should reduce chronic disease risk. However, contrary to what is implied by the physical activity guidelines, the cardiometabolic health benefits of 75 min/week of VPA appear to be greater than the benefits of 150 min/week of MPA. This suggests that adults should accumulate at least some VPA over the course of the week to attain optimal cardiometabolic health. Additional studies, particularly randomized controlled trials, are needed to confirm the findings presented here.
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KEY MESSAGES
Current physical activity guidelines imply that, in comparison with MPA, the benefits of engaging in VPA are attributed to the greater energy expenditure dose per unit of time and do not relate to intensity per se.
This cross-sectional study of 1841 adults used minute-by-minute accelerometer measures of physical activity over 7 days to determine whether VPA is associated with the MetS independent of its influence on the energy expenditure dose of MVPA.
The results indicated that VPA remained a meaningful predictor of the MetS after controlling for the total energy expenditure dose of MVPA.
The results also indicated that VPA had a greater influence on the MetS than an equivalent energy expenditure dose of MPA.
